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Abstract:

Random copolymerization is a simple and effective method to regulate and
improve the performance of conjugated polymers. Herein, random copolymerization
is employed to finely tune the transport behavior of terpolymers by side chain
engineering and BIBDF incorporation. Two series of terpolymers have been
synthesized by varying the side chain branching positions and BIBDF content. The
spectral absorption, electrochemical behavior, microstructure and electrical
performance in organic field effect transistors have been systematically studied. The
results reveal that the side chain branching points influence the crystallinity, n-n
interactions and charge transport behavior of as-prepared terpolymers. Furthermore,
the influence of BIBDF content is studied under optimal side chain branching position,
which suggests that optical absorption, molecular packing and electrical properties of
terpolymers can also be controlled by BIBDF content. For instance, C33P2.5 polymer,
with optimal side chain branching position and BIBDF content, exhibited maximum
mobility of 7.01 em? V! s, which is three times higher than the reference polymer
C11P3.75 and C30P0. The current study presents a novel route to maximize the
performance of conjugated terpolymers and provides a baseline for further research

on high-performance conjugated polymers for a wide array of applications.



Introduction
Conjugated polymers are being extensively studied as active materials in flexible,

[I-7] Carrier mobility is one of the vital

low-cost and large area optoelectronic devices.
performance parameters of conjugated polymers, which is significantly influenced by
the chemical structure of the polymer.[®!!l In order to optimize the performance of
conjugated polymers, a large number of molecular designs and modification strategies
have been developed. In particular, donor-acceptor (D-A) conjugated copolymers,
with alternatively amalgamated electron-rich and electron-deficient units, have
garnered considerable research attention. ['*!®) The modular design of the donor and
acceptor moieties in D-A conjugated copolymer can facilitate the fine-tuning of
microstructure, electronic and optical properties of organic field-effect transistors
(OFETs) and organic photovoltaics (OPV). [1722] For instance, the utilization of D-A
conjugated polymers, as active materials in OFET and OPV devices, resulted in
significantly improved charge carrier mobility of 10 cm? V™' s7! [2% 24 and power
conversion efficiency (PCE) of >10%.2% 261 However, the design and synthesis of
construction units is a challenging task for high-performance D-A polymers because
of which needs to have very strict requirements on backbone planarity, electronic
structure and solubility. Therefore, the limited monomers leads to inefficiencies in the
development of new high performance D-A conjugated polymers.[2”- 28]

Recently, the development of random copolymerization enabled the efficient
incorporation of a third component into two-component D-A conjugated polymer,
which reduces the complexity of building blocks synthesis and effectively tunes the
light absorption, energy level and crystallinity of conjugated polymers. % In
general, the introduction of a third component is liable to disturb the planarity and
interchain alignment of backbone due to the difference in the structural units during
random copolymerization, which results in more amorphous regions and renders
inferior carrier mobility. 3334 Therefore, it is important to select the structural units
which are capable of adjusting the properties without disturbing the ordered packing
and even increase locally crystalline regions in conjugated polymers. (3% 32 351 The

donors in D-A conjugated polymers, such as thiophene or selenophene derivatives,



possess similar structure, which allows for maintaining the ordered packing of the
polymer backbone during the incorporation of another donor component. For instance,
Kim et al. 1 have reported that the random terpolymers not only enhanced the
planarity and intermolecular packing of backbone chains but also maintained the
inherent characteristics of each polymer. Moreover, the hole and electron mobility of
as high as 6.23 and 6.88 cm? V! s7!, respectively, can be achieved by precisely
adjusting the ratio of two donor monomers. However, the donors with high-lying
orbital energy levels limits the range of properties-regulation for random terpolymer.
On the other hand, the acceptors are more diverse and render a large regulation range
of structures and electronic properties. Hence, the introduction of a second acceptor in
random copolymers is a promising route to adjust the absorption spectrum and energy
level. [2%:36-421 However, it tend to decrease the planarity and backbone regularity due
to the complexity and mismatch of acceptor structure, which is detrimental to carrier
transport. Hence, the reports about random terpolymer on acceptor-induced carrier
transport enhancement are rare. Recently, we have exploited the structural similarities
between isoindigo and its derivative bis (2-oxoindolin-3-ylidene) benzodifurandione
(BIBDF) and synthesized BIBDF-containing isoindigo-based polymer by chemical
blending. The strong electron-withdrawing BIBDF units enhanced intermolecular n-n
interactions and the crystalline structure of the polymer, which led to a remarkable
increase in carrier mobility from 0.71 to 2.17 cm? V! 71, [28]

Apart from the backbone structure, the side chains also influence the
microstructure and properties of the polymers. It is well known that side chain
engineering involves length and branching points, which play a critical role in
polymers solubility, solid-state packing of the molecules, thin film morphology and
charge transport behavior. 2% 4-521 Therefore, the rational design of side chains is a
promising strategy to obtain high-performance solution-processable conjugated
polymers. For instance, Pei et al. 1l have demonstrated that adjusting the branching
point far away from the conjugated backbone can enhance the carrier mobility of
polymers. The results revealed that the larger linear spacer between side chain and

backbone reduces m-m stacking distance between intermolecular, which is favorable



for high charge carrier mobility. Even though the influence of side chain engineering
on structure, morphology and transport properties of two-component D-A conjugated
polymers has been systematically studied, side chain engineering in more complex
structure of random terpolymers has received little attention.

Furthermore, the mobility of ID-based polymers has been significantly improved
by simple random copolymerization of a third unit, i.e., BIBDF. 281 However, the
influence of both side and main chains on terpolymer properties remains unclear and
requires a comprehensive investigation. Herein, two series of polymers have been
synthesized by systematically varying the branching position in side chain and BIBDF
content in the main chain (Schematic 1). The electrical performance of as-synthesized
polymers has been characterized in bottom-gate/top-contact (BGTC) field-effect
transistors under surrounding conditions. In addition, the microstructure and
morphological features of as-prepared polymers have been investigated by using
grazing incident wide-angle X-ray scattering (GIWAXS) and tapping-mode atomic
force microscopy (AFM). The results reveal that side chain branching position
remarkably influenced the crystallinity of as-synthesized polymeric films and reduced
n-n stacking distance between intermolecular. Moreover, the optimal BIBDF content
also enhanced the crystallinity and altered n-n interactions in as-synthesized polymers.
Among all the as-prepared polymers, the terpolymer C33P2.5 exhibited maximum
mobility of 7.01 cm? V! s and a high Ion/Iof ratio of 107.



(a) Series 1: terpolymers with different side chains
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(b) Series 2: terpolymers with varying ratio of two acceptors
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Schematic 1. Synthesis scheme and chemical structure of random terpolymers.

Table 1. Optical and electrochemical properties of polymers with different side chains.

polymers Mn [kDa]/PDI  Td [°C] A% [nm] /%™ [nm] Agneer [nm]  E;P[eV]  EyomoleV]  EuymoleV]  Eg¥[eV]

C11P3.75 33.9/4.0 384 709 706 850 1.46 -5.59 -3.62 1.97
C13P3.75 29.6/3.9 382 708 705 857 1.45 -5.60 -3.62 1.98
C31P3.75 46.0/3.3 389 716 719 860 1.44 -5.49 -3.63 1.86
C33P3.75 42.9/3.4 394 717 720 860 1.44 -5.47 -3.61 1.86

Table 2. Optical and electrochemical properties of polymers with different BIBDF contents.
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polymers Mn [kDa] / PDI
[°C] [nm] [nm] [nm] [eV] [eV] [eV] [eV] [eV]

C30P0 45.7/3.1 398 719 718 788 1.57 -5.45 -3.57 1.88 -5.62

C33P1 45.1/3.2 394 718 720 803 1.54 -5.48 -3.60 1.88 -5.73

C33P2.5  51.0/2.9 393 717 720 816  1.52 -5.46 -3.61 1.85 -5.69

C33P3.75 42.9/3.4 394 717 720 860 1.44 -5.47 -3.61 1.86 -5.66

C33P5 42.8/3.5 399 716 719 865 1.43 -5.47 -3.62 1.85 -5.63

C33P7.5  39.0/3.7 393 714 719 887 140 -5.47 -3.63 1.84 -5.60
RESULTS AND DISCUSSION

Schematic 1 presents two series of as-synthesized random terpolymers, where
one possesses the same acceptors ratio and different side chains and the other contains
different acceptors ratio at optimized side chains. The monomers, such as
6,6’-Dibromodi(2-decyltetradecyl)isoindigo (2Br-ID-C1), [53]
6,6’-Dibromodi(4-decyltetradecyl)isoindigo (2Br-ID-C3), [44]
(3E,7E)-3,7-bis(6-bromo-1-(2-decyltetradecyl)-2-oxoindolin-3-ylidene)benzo[ 1,2-b:4,
5-b’]difuran-2,6(3H,7H)-dione (2Br-BIBDF-C1), (34, 53]
(3E,7E)-3,7-bis(6-bromo-1-(4-decyltetradecyl)-2-oxoindolin-3-ylidene)benzo[ 1,2-b:4,
5-b’]difuran-2,6(3H,7H)-dione (2Br-BIBDF-C3) [56] and
5,5 -bis(trimethylstannyl)-2,2 -dithiophene (DT), *”) have been synthesized by using
the previously reported methods. Stille coupling copolymerization of
5,5 -bis(trimethylstannyl)-2,2’-dithiophene with a mixture of 2Br-ID-Cx and
2Br-BIBDF-Cy in different molar proportions produced random terpolymers, which
are named as CxyPn, where x and y refer to the linear spacer carbon numbers between
side chain branching position and polymer main chain and » represents the molar
proportion of BIBDF. The reference polymer, designated as C30P0, has also been

[44] The detailed experimental procedure is included

prepared, as reported elsewhere.
in supporting information (SI). Once polymerization is completed, methanol was
added to the system to precipitate the as-synthesized polymers, followed by sequential

Soxhlet extraction by using acetone, hexane, dichloromethane and chloroform, which



resulted in dark-blue solid flakes. The number-average molecular weight (My) of
random terpolymers was evaluated by using gel permeation chromatography (GPC),
at 100 ° C, with trichlorobenzene as the eluent. The M, of as-synthesized terpolymers
ranged from 29.6 to 51.0 kDa with a polydispersity (PDI) of 2.9-4.0 (Table 1 and 2).
Moreover, thermogravimetric analysis (TGA) shows that the decomposition
temperature, corresponding to the weight loss of 5%, of the as-synthesized
terpolymers is higher than 380 °C (Figure S1). These results indicate that the
as-prepared terpolymers exhibit sufficient thermal stability for electronic devices,

such as organic thin film transistors.
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Figure 1. Fourier transform infrared (FTIR) spectra of as-synthesized terpolymers.

The characteristic absorption peaks of as-prepared terpolymers were analyzed by
Fourier transform infrared spectroscopy (FTIR). Fig. la presents that the typical
stretching vibration absorption peak of the five-membered ring lactone, at ~1770 cm™!,
possesses similar intensity due to the same amount of BIBDF in C11P3.75 to
C33P3.75 polymers. In Series 2, the intensity of the characteristic peak (~1770 cm™)
increased with increasing BIBDF content in C33P1 to C33P7.5 polymers, as shown in
Fig. 1b. Moreover, the elemental analysis was carried out to assess the composition of

as-prepared random terpolymers (SI).
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Figure 2. Normalized UV-vis absorption spectra of the random terpolymers in (a-b)

CHCls solution (1 x 10> M) and (c-d) thin films.

Optical and electrochemical characterization:

The UV-vis—NIR absorption spectra of the random terpolymers in chloroform
solutions and thin films are presented in Figure 2 and corresponding data are
summarized in Table 1-2. In Series 1, C31P3.75 and C33P3.75 have exhibited
red-shifted absorption in both solution and thin films compared with C11P3.75 and
C13P3.75 terpolymers, which can be attributed to the extending alkyl chain spacer of
the side chain on the main acceptor component of isoindigo. The long alkyl spacers in
the polymers can reduce steric hindrance and make the main chain of C31P3.75 and
C33P3.75 polymers more planar and favorable for intermolecular n-r stacking.[** The
dual shoulder bands, located at ~600-750 nm, correspond to 0-0 and 0-1 vibrational
transitions. The difference in intensity suggests that the terpolymers have different
pre-aggregation states in solution. As shown in Fig. 2¢, C33P3.75, with a longer alkyl
spacer on both ID and BIBDF, exhibits the maximum red-shifted absorption in thin

film, which indicates the highest planarity and optimal solid-state packing. Moreover,



the absorption peak at ~820 nm for CI11P3.75 to C33P3.75 terpolymers can be
ascribed to intramolecular charge transfer (ICT) transition from DT to BIBDF unit.

In Series 2, the C30P0 reference and five as-synthesized terpolymers
(C33P1-C33P7.5) exhibited two typical absorption bands in both solution and thin
film (Figure 2b and 2d). The absorption bands at 350-500 nm and 500-800 nm
correspond to m-m* transitions and ICT transition from DT to the ID unit, respectively.
The dual shoulder band, corresponding to 0-0 and 0-1 vibrational transitions, indicates
some pre-aggregated states of polymers in solution. Compared with absorption bands
in solution, the 0-1 transition decreased in thin film, which suggests that polymer
backbone become more planar in thin film. Figure 2d presents that the intensity of 0-1
peak first decreased, followed by a gradual increase with increasing BIBDF content,
which confirms that the proper ratio of BIBDF can increase the planarity and
interaction of the polymer and enhance the electron delocalization. 3% 38 When the
BIBDF content was in the range of 1 to 2.5 mol %, the absorption bands of C33P1
and C33P2.5 polymers remained similar to the C30P0 film. However, when the
BIBDF content was further increased above 3.75 mol %, the other three terpolymers
(C33P3.75-C33P7.5) exhibited a high-intensity peak at ~820 nm, corresponding to the
characteristic ICT band from DT to BIBDF. These results indicate that the
incorporation of lower BIBDF content (< 2.5 mol %) into ID-based polymer does not
interfere with the conjugated structure and regularity of polymeric backbone, but
further addition of BIBDF alters the absorption behavior of terpolymers. In addition,
as the BIBDF content increased from 1 to 7.5 mol%, the intensity of ICT peaks (~820
nm) gradually increased and the optical bandgap decreased from 1.57 to 1.40 eV.

The electronic energy levels of as-prepared terpolymers thin films were
investigated by using cyclic voltammetry (CV). The CV curves are presented in
Figure S2 and the corresponding data are summarized in Table 1 and 2. The highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels were calculated by using the given equation:

Ermo = - (Eonesert 4.75 €V)

In Series 1, as the branching points of the side chains on the ID or BIBDF are far from



the polymeric backbone, the HOMO energy level gradually increased from -3.60 eV
to -3.47 eV for C11P3.75 to C33P3.75 terpolymers, respectively. It can be ascribed to
more planar polymer backbones and closer packing due to a significant reduction in
steric hindrance. The approximate LUMO levels of these terpolymers indicate that the
branching position of side chain has little influence on the LUMO level.

In Series 2, when BIBDF content was increased from 0 to 7.5 mol %, the HOMO
and LUMO energy levels decreased from -5.45/-3.57 eV to -5.48 eV/-3.63 eV,
respectively, which can be attributed to the strong electron-withdrawing ability of
BIBDF acceptor. The electrochemical band gap of as-synthesized terpolymers became
narrower due to the introduction of BIBDF, which is consistent with the optical results.
Furthermore, ultraviolet photoelectron spectroscopy (UPS) (Figure S3) was carried
out to determine the HOMO energy levels of Series 2 terpolymers and investigate the
impact of BIBDF on HOMO energy levels. The ionization potentials (IPs) of the
as-prepared terpolymers C30P0-C33P7.5 are -5.62, -5.73, -5.69, -5.66, -5.63, -5.60 eV,
respectively. One should note that the IPs initially decreased with increasing BIBDF
content, followed by a gradual increase, which is consistent with the change in 0-1
absorption intensity, as shown in Figure 2d.

Characterization of organic field effect transistors:

The electrical performance of as-prepared terpolymers was investigated by using
a bottom gate/top contact (BGTC) OFET device and the influence of side chain
branching position and BIBDF content on carrier mobility of the as-prepared
polymers has also been evaluated. The detailed fabrication procedure of OFETs is
outlined in SI. These devices are characterized under ambient conditions. The
as-prepared terpolymers have exhibited typical p-type transporting behavior. The
representative transfer and output curves are presented in Figure 3 and Figure S4,
respectively, whereas the corresponding performance parameters are summarized in
Table 3-4 and Table S1-S2. In Series 1, as the branching position of the side chains

moved away from the backbone of as-prepared random terpolymers, i.e., C11, C13,
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Figure 3. Transfer curves of OFETs of the as-prepared terpolymers (a) with different
side chains and (b) different BIBDF ratios after thermal annealing at optimized

temperatures.

C31 and C33, the carrier mobility gradually increased (Table S1). Moreover, thermal
annealing, at different temperatures, improved the hole mobility of four polymers
compared to the respective un-annealed films, which can be ascribed to the enhanced
ordered packing due to heat treatment. The maximum carrier mobility of 4.00 cm? V!
s! has been demonstrated by C33P3.75 polymer after thermal annealing at 260 ° C
(Table 3 and S1). Similarly, the carrier mobility of the other three polymers, i.e.,
C11P3.75, C13P3.75 and C31P3.75, increased with annealing temperature and the

maximum mobility has been achieved after annealing at 260 ° C. It is worth noting



Table 3. Optimized OFETs performance of terpolymers with different side chains.

h, max Rh, avg

Polymer
y cm*V'sh em?Vv'ish

Ion / Ioff Vth (V)

C11P3.75 2.19 1.89 10°-10¢  -37.8
C13P3.75 2.44 2.08 10%-107  -31.4
C31P3.75 3.16 2.65 10%-107  -16.8
C33P3.75 4.00 3.66 10%-107  -19.9

Table 4. Optimized OFETs performances of terpolymers with different BIBDF

contents.

h, max h, av,
! W len/ Tt Vin (V)

C30P0 2.10 2.05 10%-107  -13.7
C33P1 4.21 4.09 10%-107  -21.8
C33P2.5 7.01 6.01 107-108  -28.7
C33P3.75 4.00 3.66 10%-107  -19.9
C33P5 1.90 1.65 10%-107  -27.9
C33P7.5 2.00 1.92 10%-107  -23.3

that the absorption bands have exhibited the red-shift and the HOMO level increased
as the branching position of side chain moved far away from the polymeric backbone,
which can be ascribed to the enhanced planarity and improved mn-n stacking of the
polymeric backbone.[**! Hence, the results of carrier mobility are consistent with the

optical absorption behavior and change in energy levels. The results reveal that subtle



changes in the side chain branching sites remarkably influence the transport properties
of the conjugated terpolymer.

In Series 2, the carrier mobility of as-cast devices of six polymers were all
exceeded 1.00 cm? V! s7! (Table S2). After annealing at different temperatures,
ranging from 180 to 290° C, C30P0 demonstrated maximum mobility after annealing
at 180 °© C, C33P1, C33P2.5 and C33P3.75 after annealing at 260° C and C33P5 and
C33P7.5 after annealing at 210° C. At the optimum annealing temperature, the
maximum and average mobilities for Series 2 polymers (C30P0 to C33P7.5) initially
increased with increasing BIBDF, followed by a gradual decrease. Herein, C33P2.5
has exhibited maximum mobility of 7.01 cm? V™! s7!, an average value of 6.01 cm?
V! s and a high Ion/lo ratio of >107 (Table 4 and S2). The reference polymer
(C30P0) has shown maximum mobility of 2.10 cm? V! s7!, which is relatively lower
than the previously reported value (3.62 cm? V! s71).*¥ This may be due to the
differences in device fabrication conditions, such as solvent concentration and surface
modifications, etc. However, one should note that the mobility of the as-prepared
terpolymer has been significantly improved by introducing a small amount of BIBDF
(< 3.75 mol %).[?®) Moreover, when BIBDF content was increased to 2.5 mol %, the
carrier mobility reached its highest value. However, when the BIBDF content
exceeded 5 mol %, the mobility of as-prepared terpolymers became lower than the
C30PO0 reference polymer.

Table 3 and Table S1 show that the mobility of C33P3.75 (4.00 cm? V! s71) is
almost two times higher than C11P3.75 (2.19 cm® V! s71), which is equivalent to the
previously reported terpolymer P3.75. 28] Furthermore, Table 4 and Table S2 present
that optimal side chain branching position and BIBDF content render maximum
mobility of C33P2.5, which is three times higher than the C30P0 reference polymer.
These results confirm that both side chain branching position and BIBDF content
have a great influence on carried mobility of terpolymers. First, extending the
branching position (from CI1 to C33) on the side chains of the ID and BIBDF
acceptors in random terpolymers enhanced the performance of as-prepared

terpolymers. Second, the introduction of only 2.5 mol % BIBDF into C30P0



remarkably improved the carrier mobility of as-prepared terpolymers. Third, when
BIBDF content exceeded the threshold limit, the carrier mobility gradually decreased,
but terpolymers with a long alkyl spacer (C33) maintained high carrier mobility (~
2.00cm? Vs,

Microstructural Analysis of Polymeric Films

Furthermore, grazing incident wide-angle X-ray scattering (GIWAXS) and
tapping-mode atomic force microscopy (AFM) were used to investigate the solid-state
packing and influence of the side chain branching sites and BIBDF content on the
morphology of polymeric thin films. The samples for microstructural investigation
were prepared under the same condition as OFETs. Two-dimensional (2D) GIWAXS
patterns and 1D scattering profiles of the polymeric thin films are presented in Figure
4-5 and Figure S5-6. The extracted and calculated data are summarized in Table S3
and S4.

In Series 1, as the branching point extended, the number of diffraction peaks for
four unannealed thin films gradually increased along ¢. axis in the out-of-plane
direction. After annealing at the optimum temperature, the intensity and order of
diffraction peaks of four terpolymers have obviously increased. Among them,

C33P3.75 has shown the strongest five diffraction peaks along ¢. axis, indicating
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Figure 4. 2D-GIWAXS patterns of polymers with different side chains (top) and

different BIBDF content (bottom) after thermal annealing at optimized temperatures.
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Figure 5. (a, ¢) Out-of-plane and (b, d) in-plane one-dimensional GIWAXS patterns of

as-synthesized terpolymers after thermal annealing at optimized temperatures.

long-range ordered edge-on molecular packing. These results indicate that the
extension of branching position in side chains of ID and BIBDF promotes lamellar
packing of random terpolymers. In addition, C33P3.75 thin film exhibited a more
ordered lamellar structure than the other terpolymers before and after thermal
annealing. The lamellar distances are 22.68, 22.05, 24.54 and 24.07 A for C11P3.75,
C13P3.75, C31P3.75 and C33P3.75, respectively. However, the d-spacings of the four
polymers did not exhibit any particular trend, which may result from different
conformations of the side chains in the film.[*”! In addition, the as-synthesized
terpolymer thin films exhibited distinct (010) diffraction peaks along g, axis in the
in-plane direction, which indicates the formation of ordered n-m stacking. In as-cast
thin films, the intensity of diffraction peaks for C31P3.75 and C33P3.75 polymers are
stronger than C11P3.75 and C13P3.75 polymers, which indicates that the ordered



stacking in C3yP3.75 is higher than C1yP3.75. After thermal annealing, the intensity
of all (010) diffraction peaks increased. In particular, the diffraction peak for
C33P3.75 became sharper and stronger than other polymers. As the extension of the
branching position on side chains increased, the m-m stacking distance gradually
decreased. The as-prepared C11P3.75, C13P3.75, C31P3.75 and C33P3.75 polymers
have exhibited n-n stacking distance of 3.67, 3.60, 3.54 and 3.50 A, respectively. The
out-of-plane and in-plane results suggest that moving the branching site of side chains
away from the main chain can not only enhance ordered lamellar packing but also
facilitate the closer m-m stacking. These features are beneficial for achieving higher
mobility.

In Series 2, the as-cast thin films exhibited distinct and relatively broad
out-of-plane (4£00) diffraction peaks, corresponding to the edge-on lamellar stacking.
After annealing at optimized temperature, the out-of-plane (£00) diffraction peaks of
as-prepared terpolymer films became sharper and stronger than the as-cast films,
which indicates the formation of more ordered lamellar packing. Figure 4 and Figure
S5 present that, owing to the addition of 1-5 mol % of BIBDF, C33P1 to C33P5
polymers have exhibited five distinct diffraction peaks along ¢. axis, which implies
that the edge-on lamellar stacking has been enhanced compared to C30P0. This
indicates that the incorporation of a proper amount of BIBDF can enhance the
regularity of interlamellar packing of the polymers. However, when BIBDF content
was increased from 3.75 to 7.5 mol %, the intensity of diffraction peaks gradually
decreased, which corresponds to the structural disorder caused by excess BIBDF in
the polymer backbone and, in turn, influences the long-range ordered packing of the
polymer. The interlayer spacing of all six random terpolymers was approximately 24
A due to the same side chains. The (010) diffraction peaks, corresponding to -
stacking, can also be observed in the in-plane direction of six polymer films before
and after thermal annealing. Moreover, the intensity of diffraction peaks increased
after thermal annealing. When BIBDF content was increased from 0 to 3.75 mol %,
the intensities of C33P1-C33P3.75peaks became sharper due to enhanced n-n stacking

and improved film crystallinity. However, after a threshold level of BIBDF (above



3.75 mol %), the intensity of C33P5 and C33P7.5 peaks gradually decreased, which
indicates that an excessive amount of BIBDF disturbed the ordered structure of the
film. The n-n stacking distance of the annealed C33P0, C33P1, C33P2.5, C33P3.75,
C33P5 and C33P7.5 films were found to be 3.51, 3.49, 3.47, 3.50, 3.48 and 3.48 A,
respectively. Clearly, the n-n stacking distance became smaller than the reference
polymer C30PO0 after chemical blending with BIBDF. It is worth noting that C33P2.5
has exhibited the smallest n-n stacking distance among all as-prepared terpolymers.
Overall, an optimal amount of BIBDF (< 3.75 mol %) can improve the well-ordered
lamellar packing and render closed n- stacking crystal structure in the polymer films,
which effectively improves the transport of charge carriers.
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Figure 6. AFM height images of polymer thin films with different BIBDF amounts

after thermal annealing at optimized temperatures.

AFM height images of annealed terpolymers films are presented in Figure 6 and
S6. As the branching point of side chains moved far from backbone for
C11P3.75-C33P3.75 polymers, the surface morphology of polymeric films changed
from fine nanowires to wide nanofiber network structure, which indicates an increase
in crystallinity and ordered arrangement of the polymer thin films. The C11P3.75 film
exhibited interconnected fine-fiber nanostructure, whereas C33P3.75 exhibited the

large crystalline domains with fewer grain boundaries, which are beneficial for charge



transport.™! In Series 2, the reference polymer C30P0 has exhibited oversized
fibrillar intercalating networks and macropores, which may be detrimental to carrier
transport. (4”1 Compared with C30P0, C33P1, C33P2.5 and C33P3.75 polymers have
shown a relatively uniform and moderate nanofiber-like connective domains. These
results demonstrate that three polymers are prone to form crystallites and ordered
packing in films, which is highly desirable for excellent charge transport properties.[**!
Moreover, C33P5 and C33P7.5 films have shown fine-grained nanofibers with a
smooth surface, which indicates that these polymers possess poor crystallinity. These
observations are consistent with GIWAX analysis.
Conclusions

In summary, we have demonstrated that fine-tuning of side chain and BIBDF
content remarkably influence the transport behavior of ID-based polymers. Two series
of random terpolymers have been designed and synthesized by ternary
copolymerization. When the branching points of side chains moved away from
polymeric backbone, the mobility has shown a remarkable increase and C33P3.75
terpolymer exhibited a carrier mobility of 4 cm? V™! s7!. Under the optimized side
chain positions, the influence of BIBDF content on transport properties, structure and
morphology of as-synthesized terpolymers has been studied. The transport
performance of as-prepared terpolymers initially enhanced with increasing BIBDF
content, followed by a gradual decrease. The as-prepared terpolymer C33P2.5, with
optimal branching position of side chains and BIBDF content, has shown the highest
carrier mobility of 7.01 cm? V! s™!, which is almost three times higher than reference
polymer C30P0 and C11P3.75. The microstructural investigations demonstrate that 1)
as the side chain branching points moved far away from the backbone, the lamella
packing of the terpolymer films became more ordered and n-n stacking became closer.
i1) The molecular packing increased with increasing BIBDF content up to a threshold
limit (3.75 mol %). In brief, the performance of conjugated polymer is greatly
improved by comprehensively tuning the branching position in side chain and BIBDF
content in main chain structure. These results provide a baseline for future work on

the design and synthesis of high-performance random terpolymers.
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